Host cytosolic proteins are endocytosed by Toxoplasma gondii and degraded in its lysosome-like compartment, the vacuolar compartment (VAC), but the dynamics and route of endocytic trafficking remain undefined. Conserved endocytic components and plant-like features suggest T. gondii endocytic trafficking involves transit through early and late endosome-like compartments (ELCs) and potentially the trans-Golgi network (TGN) as in plants. However, exocytic trafficking to regulated secretory organelles, micronemes and rhoptries, also proceeds through ELCs and requires classical endocytic components, including a dynamin-related protein, DrpB.
| INTRODUCTION
Toxoplasma gondii is a eukaryotic, obligate intracellular parasite that resides within a membrane compartment called the parasitophorous vacuole (PV). T. gondii belongs to the phylum Apicomplexa, which also includes other notable human pathogens such as Plasmodium, the causative agents of human malaria. While T. gondii infection of immunocompetent individuals usually results in mild flu-like symptoms, reactivated chronic infection in immunocompromised individuals or congenital infection through vertical transmission can be life threatening, produce symptoms similar to septic shock and potentially leading to vision loss. 1, 2 Toxoplasmosis is believed to be lifelong and is currently incurable, leaving the 2 billion people chronically infected worldwide susceptible to the consequences of reactivated toxoplasmosis. 1, 2 Therefore, a better understanding of the fundamental features of infection is needed to uncover new treatment options and limit the burden of toxoplasmosis.
One of the most central and necessary aspects of life for a eukaryotic cell is endocytosis. Endocytosis is pathway by which material is taken up across the plasma membrane and trafficked to the lysosome for digestion. An analogous pathway was recently discovered in T. gondii termed the ingestion pathway. In T. gondii ingestion, proteins acquired from the host cell cytosol are trafficked across the PV and parasite plasma membrane to a lysosome-like compartment within the parasite termed the vacuolar compartment/plant-like vacuole (VAC/PLV) for degradation. 3 The ability to deliver host cytosol and/or parasite-derived material to the VAC for digestion contributes to the acute stage infection and is especially important for chronic infection. 3, 4 However, how ingested cargoes are delivered to the VAC is not known.
Endocytic trafficking to the lysosome is highly conserved among eukaryotes with a slight variation observed in plants. In mammalian and yeast cells, endocytic cargoes are delivered sequentially to the Rab5 compartment, the Rab7 compartment and finally to the lysosome. 5 Plant cells, on the other hand, initially deliver endocytosed cargoes to the trans-Golgi network (TGN), followed by sequential movement through the Rab5 compartment, the Rab7 compartment and finally the lysosome for degradation. 6 Toxoplasma has a conserved endomembrane structure including a TGN, endosome-like compartments (ELCs) marked by Rab5 and Rab7, and the lysosomelike VAC, and also expresses the essential machinery for endocytic trafficking to lysosomes including clathrin, dynamin, Rab5 and Rab7. 7 The presence of a plant-like lysosome and a plant-specific proton pump (TgVP1) within the T. gondii endolysosomal system 8 suggests that endocytic trafficking in T. gondii may resemble plants as proposed by Pieperhoff et al. 9 However, exocytic trafficking of proteins destined for the parasite's regulated secretory organelles, the micronemes and rhoptries, proceeds through the TGN and ELCs, and requires clathrin, dynamin and Rab5 for transit. [9] [10] [11] [12] [13] [14] [15] [16] In contrast to the ingestion pathway, which leads to the destruction of its cargo, most microneme and rhoptry proteins have propeptides that are cleaved off during transit to the microneme and rhoptry organelles, but must otherwise remain intact to orchestrate parasite invasion, egress and defense against host immune attack. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Without these exocytic proteins and organelles, the parasite cannot establish a successful infection.
How T. gondii ensures proper targeting of endocytic and exocytic cargo is unclear, but other eukaryotic systems reveal several possible mechanisms. Endocytic and exocytic trafficking may be spatially regulated like certain GPI-anchored proteins that traffic directly to the plasma membrane from the TGN, avoiding endosomes in mammalian cells. 28 Alternatively, these processes may be temporally regulated. In
Plasmodium spp., endocytosis of red blood cell cytoplasm is most active in G1 and early S phase, whereas microneme organelle biogenesis occurs later in the late S and mitosis and cytokinesis (M/C) phases. [29] [30] [31] [32] [33] Another scenario is that endocytic and exocytic trafficking intersect and require sorting mechanisms to ensure proper targeting. This is illustrated by the TGN in plants, which serves as a sorting station for endocytic and exocytic cargoes, or by transferrin receptors in mammalian cells, which traffic through endosomes before reaching the plasma membrane. 28, 34 In this study, we determined temporal and spatial relationships between endocytic and exocytic trafficking within T. gondii and investigated the role of the dynamin-related protein DrpB in endocytic trafficking. We find that host cytosolic proteins are ingested during or immediately following invasion, are trafficked through ELCs, and delivered to the VAC for degradation in 30 minutes. Ingestion and immature promicroneme proteins can be detected in all phases of the cell cycle, whereas immature prorhoptry protein detection is restricted to the S and M/C phases. Furthermore, ingested proteins colocalize with promicroneme, but not prorhoptry proteins, suggesting endocytic trafficking of ingested protein intersects with exocytic trafficking of microneme proteins. Finally, endocytic trafficking of ingested protein does not require DrpB, but may require a DrpB binding partner.
| RESULTS

| Localization of TGN/ELC markers: GalNac and DrpB
Plant-like features of T. gondii led to the prediction that ingested proteins follow a plant-like endocytic route through the TGN and ELCs en route to the VAC. To test if the endocytic trafficking is plant-like in T. gondii, we generated a parasite line stably expressing UDP-GalNAc:polypetide N-acetylgalactosaminyl-transferase fused to YFP (GalNac-YFP), typically used as a TGN marker. 35 Consistent with TGN localization, GalNac-YFP appeared in a centrally located structure that overlapped substantially with, or was just apical to, the Golgi marker GRASP55-mRFP ( Figure S1 , Supporting Information). As the VAC. 36 Therefore, we interpret NHE3 to be an ELC marker that partially overlaps with the TGN, similar to the established ELC marker proM2AP. 10, 37 GalNac-YFP also partially overlapped with proM2AP, but rarely colocalized with the VAC markers cathepsin B (CPB) and cathepsin L (CPL) or the apicoplast. We also observed that some parasites had GalNac-YFP-labeled structures that were not associated with GRASP55-mRFP ( Figure S1 , white arrowheads). These structures are reminiscent of "Golgi-free" TGN bodies in plants. 38 This observation together with substantial overlap with the ELC marker proM2AP, suggests GalNac-YFP occupies the TGN, ELCs and perhaps additional sites.
To visualize DrpB as a second marker of the TGN we utilized the RHΔhx ddFKBP-GFP-DrpB WT (ddGFP-DrpB WT) strain. 12 These parasites express an ectopic copy of DrpB fused to GFP and a destabilization domain (dd), which allows for post-translational control of protein expression upon adding the stabilizing drug Shield-1. To minimize possible off-target effects due to DrpB overexpression, Shield-1 treatment was optimized to observe ddGFP-DrpB WT expression in the majority of parasites with minimal treatment: 0.8 μM Shield-1 for 30 minutes. Under these conditions, ddGFP-DrpB WT overexpression did not interfere with microneme trafficking as previously observed ( Figure S2A ,B). 12 As shown in Figure S1 , DrpB localization was slightly different from that of GalNac-YFP. ddGFP-DrpB WT showed little to no overlap with CPL, but colocalized most prominently with proM2AP and only partially overlapped with NHE3
( Figure S2C top panels). This localization was confirmed by staining of endogenous DrpB with a DrpB antibody, suggesting overexpression under these conditions also did not cause mislocalization of ddGFP-DrpB WT ( Figure S2C bottom panels) . Taken together, these findings suggest that ddGFP-DrpB WT may also localize to both the TGN and ELCs.
| Ingested proteins traverse ELCs
The ability of T. gondii to ingest proteins from the host cytosol can be monitored using fluorescent protein reporters such as mCherry To determine which endolysosomal compartments ingested protein traffics through on the way to the VAC, GalNac-YFP, WT (RH), or ddGFP-DrpB WT parasites were treated and processed as shown in Figure 1A with the addition of Shield-1 treatment to induce stabilization of ddGFP-DrpB WT, and stained with antibodies against proM2AP, NHE3, or CPB. As a negative control, the apicoplast, a compartment that is in the same region as, but distinct from, the endolysosomal sys- experiment does not conclusively demonstrate that they occupy the ELCs at the same time under normal conditions. Nevertheless, how these cargoes can be trafficked through the same compartment, yet meet very different fates is unclear.
To test if endocytic and exocytic trafficking in T. gondii are temporally separated processes, we next sought to determine when during the cell cycle microneme or rhoptry biogenesis and ingestion occur. T. gondii divides by building daughter parasites within the mother cell in a process called endodyogeny and has a cell cycle characterized by 3 phases: G, S, M/C. 40 Progression through the T. gondii cell cycle can be monitored using 2 markers: TgCentrin2 (Cen2) which associates with the centrosome and additional apical structures, and IMC1 which associates with the inner membrane complex and outlines the periphery of the mother cell and newly forming daughter parasites. 41 In the G phase, parasites display a single mother IMC1 structure and a single centrosome. In S phase, the centrosome is duplicated and in M/C phase, two additional U-shaped IMC1 structures outlining the newly forming daughter cells will appear within the IMC1 outline of the mother parasite. To test when microneme or rhoptry biogenesis occurs during the cell cycle, Cen2-EGFP parasites were stained with antibodies against IMC1 to determine cell cycle phase and against propeptides of microneme and rhoptry proteins, which in previous experiments have been associated with timing of microneme and rhoptry biogenesis. 21 We first examined microneme protein synthesis using antibodies 
| Prorhoptry proteins are detected in S and M/C phases
We next examined detection of rhoptry protein synthesis using antibody staining against proROP4 or proRON4, which is known to label M/C phase parasites. 20, 42 The antibody mAb T5 4H1 used to detect pro-RON4, also detects the moving junction. As previously observed, staining of the moving junction remained on the parasitophorous vacuole membrane (PVM) at 4 to 6 hours post-invasion and could not be distinguished from staining within the parasites. 21, 42 Therefore, RON4 synthesis was only analyzed in asynchronous overnight cultures. proROP4 and proRON4 were detected in both S and M/C phases, but were absent from nearly all parasite vacuoles in G phase at 4 to 6 or 24 hours postinvasion ( Figure 4 ). This suggests that rhoptry protein synthesis is restricted to later in the cell cycle, and occurs in both S and M/C phases.
| Ingestion is active throughout the cell cycle
We next sought to determine when during the cell cycle T. gondii ingests host proteins. To more precisely measure when parasites are No significant differences were observed, suggesting that ingestion is equally active during all phases of the cell cycle ( Figure 5F ).
| Ingested host protein trafficking intersects with microneme protein trafficking
Although our results indicate that ingestion, microneme protein synthesis, and rhoptry protein synthesis are active during the same cell One-way ANOVA with Dunnet's test for multiple comparisons to colocalization with the apicoplast. E, Representative images of localization of ingested mCherry relative to proM2AP, proMIC5, proRON4 or the apicoplast (indicated by the blue arrow head). All bars represent the mean from 3 biological replicates, error bars represent SD, **P < .01, ***P < .001, ns, not significant, scale bars are 2 μm show a much sharper drop in the G phase. 50 Previous work found that expression of promicroneme and prorhoptry proteins is mutually exclusive such that parasites express one or the other, but not both. 21 Together the findings imply that microneme biogenesis occurs in multiple waves during the cell cycle with a pause during a portion of S or M/C phase for rhoptry production. In future studies, ddGFP-DrpB WT or ddGFP-DrpB K72A with the indicated endolysosomal markers by antibody staining or the apicoplast by DAPI staining in intracellular parasites treated as in (F) with ddGFP-DrpB WT parasites treated with 0.8 μM Sh-1 for 30 minutes and ddGFP-DrpB K72A parasites treated with 1.0 μM Sh-1 for 3 hours. At least 40 DrpB puncta analyzed per marker, per replicate for 3 biological replicates. One-way ANOVA with Dunnet's test for multiple comparisons of each marker to the apicoplast for each ddGFP-DrpB WT and ddGFP-DrpB K72A parasites, only significant results shown. Unpaired 2-sample t tests for comparison of localization in ddGFP-DrpB WT vs K72A. All bars represent means and error bars represent SD. *P < .05, **P < .01, ***P < .001, ns is not significant live cell imaging of fluorescent protein timers, which change color over time indicating time since synthesis, would be informative in more accurately determining when microneme and rhoptry biogenesis occurs.
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| Cell cycle dependence of T. gondii ingestion
Endocytosis persists, but is downregulated during the M/C phase of the cell cycle in mammalian cells. [54] [55] [56] Similar observations have been made in Plasmodium parasites, which undergo schizogony. This process involves a G1/trophozoite stage followed by multiple rounds of nuclear division in S phase and segmentation into many parasites in M/C phase. Endocytosis in Plasmodium parasites begins in G1 and is thought to remain active until the fourth nuclear division of the S phase. [30] [31] [32] [33] However, examples of Plasmodium segmenters that appear to ingest red blood cell cytoplasm during the final stages of daughter cell formation have been observed. 57 We find that ingested host cytosolic proteins can be detected in T. gondii parasites of all cell cycle phases. Ingestion does not appear to be significantly downregulated in any phase of the cell cycle. However, it should be noted that we were not able to enrich for M/C phase parasites. Attempts to synchronize cell cycle progression by pulse invasion as observed by Gaji et al 58 were unsuccessful, because mechanically liberated parasites used to infect mCherry expressing CHO cells were not homogeneously in G0 (data not shown). This limited our power to detect a decrease in ingestion in the M/C phase.
| Intersection of endocytosis and exocytosis in T. gondii
Ingested protein colocalizes with proM2AP and proMIC5, but not proRON4. This suggests that endocytic trafficking to the VAC intersects with exocytic trafficking to the micronemes, which contrasts with the distinct phases of endocytosis and microneme biogenesis in Plasmodium parasites. Microneme biogenesis begins late in the fourth nuclear division, when endocytosis is shut down. 30, 33 On the other hand, synthesis of Plasmodium rhoptry proteins has been observed as early as the G1/trophozoite stage. 29, 59, 60 Accordingly, endocytosis and rhoptry synthesis probably occur at the same time, opening the possibility that endocytic and exocytic trafficking also intersect in Plasmodium. Further, the intersection of ingested protein and microneme protein trafficking in T. gondii implies the existence of sorting mechanisms that ensure ingested proteins are delivered to the VAC for destruction and microneme proteins remain intact and are delivered to the microneme organelles. We speculate the existence of yet unidentified receptors for sorting of cargoes to their target organelles, discussed further below.
| Toxoplasma gondii ingestion of host cytosol does not require DrpB
Expression of a dominant negative dynamin did not inhibit ingestion of host mCherry, suggesting that DrpB is not required for host mCherry endocytosis in T. gondii. However, this does not preclude the existence of DrpB-dependent endocytosis of other substrates.
How host mCherry is taken up into endocytic vesicles in T. gondii is unclear, but could involve BAR domain proteins or CtBP1/BARS, which have established roles in membrane fission. 61 Interestingly, expression of ddGFP-DrpB K72A enhanced endocytosis and delivery of ingested protein to the VAC. While this could indicate the DrpB directly inhibits endocytic trafficking, this enhancement is probably indirect given the lack of interaction of the dominant negative mutant ddGFP-DrpB K72A with ingested mCherry or the endolysosomal system. ddGFP-DrpB K72A could sequester binding partners that are involved in DrpB-dependent exocytic trafficking along with liberating other partners. For example, blocking exocytic trafficking from the Golgi in mammalian cells leads to an increase in CLIC/GEEC endocytosis by freeing up the shared GTPase Arf1. 62 Dynamin hydrolyzes GTP to GDP during membrane fission and GDP is exchanged for GTP to reactivate dynamin either spontaneously or through interaction with guanine nucleotide exchange factors (GEFs). 63, 64 ddGFP-DrpB K72A is defective in GTP hydrolysis and should decrease pools of GDP-bound DrpB. 12, 48 Therefore, ddGFPDrpB K72A expression could lead to increased rates of endocytic trafficking by increasing free pools of GEFs required for endocytic trafficking. Alternatively, both DrpB-dependent and DrpBindependent endocytosis could exist, and shutdown of DrpBdependent endocytosis could lead to upregulation of DrpBindependent endocytosis. Consistent with this, knockdown of core structural proteins required for endocytosis via caveolae (a dynamindependent endocytic pathway) leads to upregulation of the dynaminindependent CLIC-GEEC endocytic pathway. 65 Understanding the mechanisms that underlie T. gondii endocytosis should be a key focus going forward, especially understanding mechanisms distinguishing exocytic and endocytic trafficking. This study provides the first glimpse into this aspect of T. gondii biology and suggests that DrpB is probably reserved for secretory trafficking only.
| A model for sorting in the T. gondii endolysosomal system
Taken together, we propose the following working model for intracellular trafficking in T. gondii (Figure 8 ). Because T. gondii replicates inside a PV, ingested proteins must traverse both the PVM and the parasite plasma membrane. Studies of hemoglobin ingestion by Plasmodium, which also reside in a PV, showed that red blood cell cytoplasm is simultaneously taken up across the PVM and parasite plasma membrane through a mouth-like structure called the cytostome, producing double-membrane transport vesicles. 49, 57 Vesicles have been seen in the cytostome-like structure of T. gondii called the micropore, 66 which is thought to be a site of endocytosis in the para- Meissner of University of Glasgow. 12 RHΔhx ddFKBP-GFP-DrpB WT parasites had lost transgene expression in a significant portion of the population and were subcloned by limiting dilution to obtain a 100% GFP + population.
| Generation of parasite lines
To generate the GalNac-YFP strain, 50 μg of the pTUB GalNac-YFP CAT plasmid 69 was transfected into 1.7 × 
| Chemicals and reagents
Morpholine urea-leucyl-homophenyl-vinylsulfone phenyl (LHVS) was kindly provided in powdered form by Dr Matthew Bogyo at Stanford University. LHVS was dissolved in DMSO, and applied with a final DMSO concentration of 0.1% to 1%. Shield-1 was purchased from Clontech, resuspended in ethanol to a concentration of 1 μM and added to cultures with a final ethanol concentration of 0.08% to0.1%. 
| Plasmids
| Immunofluorescent antibody labeling
Purified parasites or chamberslides were fixed with 4% formaldehyde for 20 minutes, and washed 3 times with PBS for 5 minutes each.
Slides were then permeabilized with 0.1% TritonX-100 for 10 minutes, rinsed 3 times in PBS, blocked with 10%FBS/0.01% Triton X-100/PBS, and incubated in primary antibodies diluted in wash buffer (1% FBS/1% NGS/0.01% Triton X-100/PBS) for 1 hour at room temperature. The following primary antibodies and dilutions were used in this study. Affinity purified rabbit anti-CPL (1:100), 71 mouse anti-CPB (1:100), 72 rat anti-DrpB 
| Synchronized invasion
Synchronous invasion was accomplished using the ENDO Buffer
Method of invasion 77 with the following modifications. Briefly, parasite cultures were purified by scraping, syringing and passing through a 3 μm filter and then pelleted by spinning at 1000g for 10 minutes. 
| Protease protection assay
Protease protection assay was performed as described previously. 3 Briefly, purified parasites were pelleted for 10 minutes at 1000g at 
| Assessment of ingestion and localization
Imaging was performed at ×63 with an AxioCAM MRm camera- 4.14 | Green-blue invasion assay for viability of mCherry + parasites
Ability of mCherry + parasites to invade host cells was determined using a modified red-green invasion assay. 78 The ntracellular fluorescent protein acquisition assay was performed with RH parasites permeablization.
